Aims The homeobox transcription factor, Iroquois protein 5 (Irx5), plays an essential role in the generation of region-selective expression of Kv4.2 gene across the left ventricular wall of rodent hearts. Here, we analyse molecular mechanisms underlying the Irx5-induced regulation of the rat Kv4.2 promoter.
Introduction
A proper sequence of electrical activity through the heart requires regional differences in the size of ionic currents within the muscle tissue. In the left ventricular free wall, the density of the transient outward K þ current (Ito) is larger in the outside of the muscle tissue than that in the inside. [1] [2] [3] This transmural gradient of Ito causes ventricular repolarization to travel from the epicardial region to the endocardial portion. While a small fraction of Ito is attributable to Kv1.4-containing Kv1-family channels, a large portion of the current is carried by channels in Kv4 family. 4, 5 These channels are multimeric complexes consisting of pore-forming Kv4.2 and/or Kv4.3 proteins and auxiliary KChIP2 subunits. 6, 7 Kv4.2 mRNA level appears to correlate well with Ito size across the left ventricular walls of rat and mouse hearts. 8, 9 In contrast, the expression of this pore-forming subunit is very low in cardiac tissues of larger animals including dogs and humans. Instead, KChIP2 mRNA is differentially expressed in a gradient across the left ventricular wall of canine hearts. 9, 10 Therefore, the regionselective expression of Ito-encoding subunits is essential for the proper sequence of cardiac electrical activity and differs between animal species.
Recent studies have shown that the homeobox transcription factors, Iroquois proteins 3 and 5 (Irx3 and Irx5), are differentially expressed in a gradient across the left ventricular wall of rodent and canine hearts. 11, 12 The mRNA levels for the two factors are higher in the endocardial region than the epicardial portion. Furthermore, mice with deletion of the Irx5 gene lack the Ito gradient across the left ventricular wall and are susceptible to arrhythmias. 12 It has also been proposed that Irx5 acts in concert with the muscle-specific transcription factor, mBOP, to inhibit ventricular Kv4.2 gene transcription. 12 Yet, the selectivity of Irx members, species specificity and precise mechanisms for the regulation of Kv4.2 promoter remain uncertain. Therefore, this study was undertaken to test for the region-selective expression of Irx members in the heart, and their roles in the regulation of Kv4.2 promoter. We found that mBOP lacks the ability to prevent the Irx5-induced regulation of the channel promoter. Instead, we identified that Irx4 is equally abundant throughout the ventricular tissue of rat heart and suppresses the Irx5-induced regulation. We also determined the domains of Irx5 and Irx4 responsible for the regulation of the channel promoter. Our findings support the possibility that the ratio of the two Irx proteins influences the level of channel gene transcription.
Methods

Reverse transcriptase-polymerase chain reaction analysis
The animal investigation conforms with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996) and was approved by the Institutional Animal Care and Use Committee. Hearts were obtained from 12-week-old male Sprague-Dawley rats. Various heart regions were dissected using fine scissors and forceps, as described previously. 8, 13 Total RNA was isolated by a one-step extraction with acid-phenol guanidium thiocyanate, 14 followed by a column-based purification (RNeasy, Invitrogen, Carlsbad, CA, USA).
Semi-quantitative RT-PCR was performed as described previously 15 with primers listed in Table 1 . Briefly, first-strand cDNA was synthesized with oligo-d(T)20 primer using ThermoScript RT-PCR System (Invitrogen) at 508C for 1 h. The standard amplification protocol was: 1 min denaturation at 948C; 14-35 PCR cycles consisting of 948C for 10 s, 58-628C for 10 s, and 728C for 1 min; followed by a final extension at 728C for 4 min. Various cycle numbers and amounts of cDNAs were used to test the linearity of PCRs. The level of mRNA was estimated from the data that were in the linear range with respect to the amount of cDNA used. As negative controls, we used cDNA produced without reverse transcriptase.
These negative controls yielded no detectable signals at the expected size in the standard PCR at 35 cycles. PCR products were separated on a 1.8% agarose gel and visualized by ethidium bromide staining. Stained gel images were captured, and band intensities were analysed using a CCD camera-based system (BioChem II, UVP, Upland, CA, USA).
Kv channel and Irx mRNA levels were also measured by real-time analyses. Kv4. 2 0 (1459-1436), and probe AGCAGATAAACGCAGGG CACAGAAGA (1337-1362). We used the same brain RNA as an internal control for all experiments, and Kv channel mRNA levels were determined with a threshold cycle (CT) using the comparative CT method using the value obtained with the brain RNA.
Irx4 and Irx5 mRNA levels were estimated by real-time analysis with SYBR Green dye using a commercially available master mix (Applied Biosystems) on an Opticon DNA engine equipped with a continuous fluorescence detection system (MJ Research, Waltham, MA, USA). Primers used for semi-quantitative assays in Table 1 were used for this analysis. We used a series of dilution of a target gene cDNA as a positive control to estimate the copy number of the transcript using CT.
Constructions
Full-length rat Irx3, Irx4, and Irx5 cDNAs were obtained by multiple RT-PCR with primers that were designed based on the sequences of rat and mouse cDNAs using high-fidelity DNA polymerase (Phusion, Finnzymes, Espoo, Finland). Obtained cDNA sequences were verified by direct sequencing with the established cDNA and genomic sequences. Mis-incorporations identified were fixed using Chimeras between two Irx cDNAs were generated by overlapped PCR or introduction of a unique restriction enzyme site near the border. N, H, and C in these chimeras ( Figures 6 and 8 ) denote the N-terminal, homeobox, and C-terminal peptides of Irx proteins, respectively: 3N, 3H, and 3C indicate Irx3 polypeptides corresponding to the amino acid 1-134, 135-199, and 200-507; 4N, 4H, and 4C represent Irx4 polypeptides to the amino acid 1-147, 148-212, and 213-515; 5N, 5H, and 5C are Irx5 polypeptides to the amino acid 1-116, 117-181, and 182-484. All chimeras were made in pcDNA3.
Reporter gene assays
A luciferase reporter gene containing the region between 21094 and þ592 of the rat Kv4.2 gene was previously generated. 16 Neonatal ventricular myocytes were prepared from 1-day-old rat pups by trypsinization, as described previously.
17 10T1/2 and PC12 cells were obtained from American Type Culture Collection (Manassas, VA, USA). 10T1/2 cells were cultured in Basal Eagle's medium supplemented with 10% foetal bovine serum, whereas PC12 cells were maintained in Dulbecco's modified Eagle's medium with 10% foetal bovine serum. Cells were transfected with channel promoterreporter gene, pRL-tk containing the HSV thymidine kinase promoter linked to Renilla luciferase (Promega, Madison, WI, USA), and cytomegalovirus-based expression vector (pcDNA3) using Lipofectamine 2000 (Invitrogen) at 1 mg DNA:2 ml transfection reagent ratio. Transfected myocytes were cultured for 1 day in serum-free medium and harvested for luciferase assays (Dual luciferase reporter assay system, Promega). Transfected 10T1/2 and PC12 cells were maintained in normal serum-containing medium for 1 day prior to luciferase assays.
We found that Irx5, as well as Irx4, influenced the activity of the thymidine kinase promoter in neonatal myocytes and 10T1/2 cells. However, we used the expression of this promoter-driven Renilla luciferase activity for normalization, since this normalization provided more consistent results without altering the direction or statistical significance of changes.
RNA interference
Two siRNAs targeted to rat Irx4 were synthesized: Irx4 siRNA-1, sense strand 5 0 -CUCCCUGAGCACGUGCUGCtt-3 0 and anti-sense strand 5 0 -GCA GCACGUGCUCAGGGAGtt-3 0 ; Irx4 siRNA-2, sense strand 5 0 -CUCAAUU CUGCCGCCGCGCtt-3 0 and antisense strand 5 0 -GCGCGGCGGCAGAAU UGAGtt-3 0 , in which two thymidines were added at the 3 0 end of the target sequence. As a control, we used a commercially available negative control (Silencer w Negative Control #1 siRNA, Ambion, Austin, TX, USA).
To evaluate the efficacy of siRNAs to reduce Irx4 protein, siRNA (10 or 50 nM), Flag-Irx4 cDNA (2 mg), and EGFP-C1 (0.5 mg, BD Bioscience, San Jose, CA, USA) were transfected into HEK293 cells on a 60 mm dish using Lipofectamine 2000 (Invitrogen). One day after transfection, cell extracts were prepared and immunoblot analysis was performed with anti-Flag and anti-GFP antibodies.
Immunoprecipitation
10T1/2 cells on 100 mm plastic dishes were transfected with 5 mg of Flag-Irx or empty vector and Myc-Irx5 cDNAs, as described above. One day after transfection, cells were collected with ice-cold phosphate-buffered saline and cell lysate was prepared in 20 mM Tris-HCl (pH 7.5), 1% Triton X-100, 0.2 M NaCl, and 1 mM EDTA supplemented with protease inhibitor cocktails. Monoclonal anti-Flag M2 or anti-Myc antibody (2 mg) was used for immunoprecipitation with protein-G agarose. Precipitates were washed four times with ice-cold lysis solution. Immunoblot analysis was performed following separation of proteins on a 10% SDS gel. Tagged proteins were detected with the same monoclonal anti-Flag and polyclonal anti-Myc antibodies.
Statistical analysis
Statistical analysis of promoter activity data was performed using one-way ANOVA followed by layered Bonferroni test, and P-values ,0.05 were considered significant.
Results
Iroquois protein members are differentially expressed in various heart regions
Previous studies revealed that Irx3 and Irx5 mRNAs are expressed in a gradient across the left ventricular wall of rodent and canine hearts. 11, 12 Since Iroquois transcription factors are known to control heart morphogenesis and chamber-specific gene expression, [18] [19] [20] [21] [22] we further examined the expression of all Irx members and some related factors in various regions of rat hearts using semi-quantitative assays ( Figure 1A and B). Irx3 and Irx5 mRNA levels appeared to be 5 times and more than 15 times higher in the endocardial layer than the epicardial region. Using the same samples, we found that Kv4.2 mRNA level was 5 times more abundant in the epicardial layer than the endocardial portion. Real-time analyses revealed similar differential expression of Irx5 and Kv4.2 mRNAs across the left ventricular wall ( Figure 1C and D): Kv4.2 mRNA level was 5.1 + 0.7-fold higher in the epicardial region than the endocardial portion (n ¼ 4), whereas Irx5 mRNA level was 18.6 + 7.9-fold more abundant in the endocardial layer than the epicardial region (n ¼ 3). We also tested if expression of other Irx members, as well as Hand1 and Hand2, might also differ across the left ventricular wall. RT-PCR analysis indicated that Irx4 and Hand1 mRNAs were equally abundant throughout the rat ventricular tissue ( Figure 1A and B for Irx4, data not shown for Hand1). In addition, we found very low levels of Irx1 and Irx2 mRNAs, which were detectable only following more than 32 PCR cycles, but failed to detect mRNAs for Irx6 or Hand2 (data not shown). No difference in Irx1 or Irx2 mRNA level was seen between layers of the left ventricular wall. Thus, the expression of Irx3 and Irx5 mRNAs is inversely related to that of Kv4.2 message across the left ventricular wall of adult rat heart.
Iroquois protein 5 influences Kv4.2 promoter in a cell type-specific manner
Irx5 has been shown to inhibit and activate rat Kv4.2 gene promoter 16 in neonatal cardiomyocytes and 10T1/2 fibroblastic cells, respectively. 12 We tested if differentially expressed Irx3 and abundant Irx4 might similarly influence rat Kv4.2 gene promoter. Because the region upstream of 21094 strongly inhibits channel promoter activity, we used the luciferase gene fused with the region between 21094 and þ592 of the rat Kv4.2 gene. 17 As expected, Irx5 decreased and increased channel promoter activity in neonatal ventricular myocytes and 10T1/2 cells, respectively ( Figure 2) . The reduction in promoter activity was evident at lower doses of Irx5, but the transcription factor at the highest dose produced no apparent effect in cardiac myocytes (Figure 2A) . The promoter activation by Irx5 showed no reversal with increasing amounts of the transcription factor in fibroblastic cells ( Figure 2B ). In addition, we observed that PC12 cells supported the enhancement of Kv4.2 promoter by Irx5 (data not shown). Unlike Irx5, Irx3, or Irx4 caused no significant change in channel promoter activity in any cell types. In parallel transfection, we tested the expression of Flag-tagged Irx members in 10T1/ 2 cells (see Supplementary material online, Figure S2 ). Flag-Irx proteins showed comparable expression levels, indicating that the observed specificity is not due to the difference in expression of transfected genes. Therefore, Irx5 specifically inhibits Kv4.2 gene transcription in neonatal ventricular myocytes, whereas the transcription factor activates the channel promoter in some non-myocytes.
Iroquois protein 4 suppresses the Iroquois protein 5-induced regulation of Kv4.2 promoter
A previous study has shown that the muscle-specific transcription factor, mBOP, suppresses the Irx5-induced activation of the channel promoter in 10T1/2 cells. 12 However, we were unable to repeat this observation with long-or short-splicing variants of rat mBOP (see Supplementary material online, Figure S3 ). We also failed to detect physical interaction between Irx5 and mBOP (see Supplementary material online, Figure S4 ). Therefore, we sought for alternative mechanisms for the cell type-specific regulation Figure 1 Irx3 and Irx5 mRNAs are differentially expressed across the left ventricular wall of rat heart. (A) RT-PCR analysis was performed with total RNAs isolated from indicated regions of adult rat heart. Left ventricular free wall (LV) was dissected into three layers with equal thickness: endocardial (Endo), midlayer (Mid), and epicardial (Epi) layers. (B) Levels of Kv4.2, Kv4.3, Irx4, and Irx5 mRNAs were determined with glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA as a control. Points and error bars represent the mean and SEM, respectively (n ¼ 4 for each point). (C and D) The levels of Kv channel and Irx factor mRNAs were measured using real-time analyses, as described in Section 2. Kv4.2 and Kv4.3 mRNA levels are plotted on the same scale, whereas Irx4 and Irx5 messages are on different scales. Points and error bars represent the mean + SEM (n ¼ 4 for Kv4.2 and Kv4.3, and n ¼ 3 for Irx4 and Irx5). Note that the scales in the two panels are not comparable since the two assays used different estimation methods. of the channel promoter by Irx5. Because Irx members may form homomeric and heteromeric dimers, 22 co-expression of different Irx members might affect the Irx5-induced regulation. Specifically, our RT-PCR analysis detected abundant expression of Irx4 in adult heart ( Figure 1 ) and cultured neonatal myocytes (data not shown). Thus, we tested if co-expression of Irx4 might alter the outcome of the Irx5-induced regulation of Kv4.2 promoter. Co-expression of Irx4 appeared to suppress the Irx5-induced increase in promoter activity in 10T1/2 cells ( Figure 3A) . This suppression occurred in an Irx4 dose-dependent fashion at the constant amount of Irx5, and higher doses of Irx4 were required when Irx5 was present at a higher level. In contrast, Irx3 produced no significant effect on the Irx5-induced enhancement ( Figure 3B) . Furthermore, when a constant level of Irx4 was present, more Irx5 was required to induce activation of the channel promoter ( Figure 3C) . Again, the larger Irx4 was present, the more Irx5 was necessary to cause promoter activation. Thus, Irx4 specifically suppresses the Irx5-induced activation of Kv4.2 promoter in fibroblastic cells. The observed dose relationship suggests that the ratio of Irx5/Irx4 determines the degree of promoter activation.
To test if the observed suppression by Irx4 might be due to its selective association with Irx5, we performed immunoprecipitation with N-terminally tagged Irx proteins (Figure 4) . Irx5 proteins interacted indiscriminately with Irx3 and Irx4, as well as its own kind. Reciprocal immunoprecipitation with anti-Myc antibody also showed non-selective association of Irx5 with all tested members (data not shown). Changing detergent concentrations or composition (0.2-1% Triton X-100 and 1% Triton X-100 þ 0.1% SDS) or salt concentrations (0-0.5 M NaCl) did not affect the observed non-selective association. These findings suggest that Irx members can form homomeric and heteromeric complexes. The selective suppression of the Irx5-induced promoter activation by Irx4 is not due to its specific physical interaction.
Next we determined whether endogenous Irx4 may influence the outcome of Irx5-induced regulation in neonatal myocytes using RNAi ( Figure 5 ). We used two siRNAs for Irx4 with different efficacies to decrease Irx4 expression ( Figure 5A) . A control siRNA produced no apparent effects on the Irx5-induced decrease in Kv4.2 promoter activity ( Figure 5B ). In contrast, the two Irx4 siRNAs resulted in a reduction in the Irx5-induced inhibition of the channel promoter. At the higher dose of Irx4 siRNA, Irx5 caused a small increase in channel promoter activity. Although we were unable to determine the level of Irx4 proteins in neonatal myocytes due to the inability of commercially available anti-Irx4 antibody, the reduction and further increase in channel promoter activity were correlated with the efficacy of the two siRNAs to decrease Irx4 expression in a mammalian cell line ( Figure 5A ). These results suggest that endogenous Irx4 prevents the ability of transfected Irx5 to increase Kv4.2 promoter activity.
C-terminal region of Iroquois protein 5 mediates the regulation of Kv4.2 channel promoter
Irx proteins contain a highly conserved homeobox domain flanked by N-and C-terminal peptides with 100-150 and 300 amino acids in length. To identify the region of Irx5 that mediates the regulation of Kv4.2 promoter, we generated various chimeras between Irx3 and Irx5 ( Figure 6A) . In 10T1/2 cells, substituting the N-terminal region of Irx5 with the corresponding portion of Irx3 (3N-5HC and 3NH-5C) had no effect on the ability to increase channel promoter activity ( Figure 6B ). In contrast, replacing the Cterminal portion of Irx5 with that of Irx3 (5N-3HC and 5NH-3C) significantly and substantially reduced this induction. Moreover, adding the C-terminal region of Irx5 to Irx3 (3N-5HC and 3NH-5C) transferred the ability to induce promoter activity. In addition to the ability to induce channel promoter activity, the C-terminal portion of Irx5 conferred the suppression by Irx4: Irx4 reduced the upregulation caused by 3N-5HC and 3NH-5C, as well as the original Irx5. The expression level of these chimeras was comparable (see Supplementary material online, Figure S1 ). Therefore, the C-terminal region of Irx5 is necessary and sufficient for the induction of channel promoter and its suppression by Irx4 in these fibroblastic cells.
We examined whether the C-terminal region of Irx5 might also be responsible for the reduction in channel promoter activity in neonatal ventricular myocytes (Figure 7) . Chimeras containing the C-terminal region of Irx5 (3N-5HC and 3NH-5C) were capable of inhibiting channel promoter activity. Substituting this region with the corresponding Irx3 peptide (5N-3HC and 5NH-3C) eliminated the ability to produce this inhibition, although the latter chimera tended to cause a small reduction in promoter activity. Thus, the C-terminal region of Irx5 is mainly responsible for the inhibition of Kv4.2 promoter in neonatal myocytes. Taken together, the C-terminal Irx5 peptide mediates the regulation of channel promoter activity in both myocytes and non-myocytes.
N-terminal region of Iroquois protein 4 is responsible for the suppression of the Iroquois protein 5-induced regulation
Finally, we determined the region of Irx4 responsible for the suppression of the Irx5-induced regulation using various chimeras between Irx3 and Irx4 ( Figure 8A ). These chimeras, as well as the original Irx3 and Irx4, produced only minor changes in Kv4.2 promoter activity by themselves ( Figure 8B) . Substitution of the N-terminal portion of Irx4 with the corresponding region of Irx3 (3N-4HC and 3NH-4C) disrupted the inhibition of the Irx5-induced increase in promoter activity. Moreover, chimeras containing the Nterminal region of Irx4 (4N-3HC and 4NH-3C) suppressed the Irx5-induced enhancement. Again, expression of these chimeras was similar (see Supplementary material online, Figure S1 ). Hence, the N-terminal region of Irx4 is necessary and sufficient for the suppression of the Irx5-induced increase in Kv4.2 promoter activity.
Discussion
Iroquois transcription factors play pivotal roles in morphogenesis and functional speciation of developing organs and tissues. 23, 24 For example, Irx4 is proposed to coordinate ventricle-specific gene expression, 22, 23 whereas the expression pattern of Irx5 resembles that of atrial natriuretic factor, a marker for actively forming myocardium. 18, 19 In contrast to their important functions in the early heart development, little is known about their roles in maintenance and adaptation of adult cardiac tissue. Furthermore, Irx proteins often exert their effects by interaction with other classes of transcription co-activator and co-repressor. 25 However, the impact of heteromeric complex formation between Irx members remains unexplored. In this paper, we show that Irx members form complexes. Moreover, Irx4 appears to suppress the Irx5-induced regulation of Kv4.2 promoter activity. Thus, the interaction between Irx4 and Irx5 controls the channel promoter activity.
Our results demonstrate that Irx4 blocks the Irx5-induced increase in Kv4.2 promoter activity in non-myocytes. However, the presence of Irx4 does not alter the direction of Irx5-induced regulation in these cells. Therefore, cell type-specific factors other than Irx4 must influence the outcome of Irx5-induced regulation. Unidentified factors controlling the outcome of Irx5 action are also suggested by the levels of mRNAs in various heart regions. The inverse relationship between Irx5 and Kv4.2 mRNA levels across the left ventricular wall is consistent with the idea that Irx5 negatively controls transcription of Kv4.2 gene. However, the inverse relationship does not hold true for some other parts of the heart. For example, both Irx5 and Kv4.2 mRNA levels were higher in the right ventricle than the left ventricle. Likewise, the expression of Irx5 mRNA was very low in atria, whereas the level of Kv4.2 mRNA was comparable to that in the right ventricle. A simple explanation for these findings is that Irx5 acts through two cell type-selectively expressed factors with opposing effects to regulate Kv4.2 promoter (Figure 9 ). In nonmyocytes, Irx5 exerts its effect via a stimulatory factor to enhance channel gene transcription. This effect is prevented by Irx4. In contrast, cardiac myocytes may contain other factor that is responsible for the Irx5-induced promoter inhibition. This inhibitory factor seems to dominate the Irx5 action in myocytes. Yet, the stimulatory effect by Irx5 may be present in these cells for the following reasons. First, the expression of Irx5 at higher doses exhibited less inhibition of promoter activity in neonatal myocytes. Secondly, the effective siRNA-mediated suppression of Irx4 expression resulted in a slight increase in promoter activity in these cells. Taken together, the present study revealed one pathway in which Irx5 acts as a transcription activator. This pathway is controlled by the relative Irx5/Irx4 ratio.
Transmural gradient of Ito density across the left ventricular wall is seen in various animal species. However, molecular mechanisms underlying this size difference differ between rodents and large animals. [8] [9] [10] Since Ito channels are multimeric complexes consisting of pore-forming Kv4.2 and/or Kv4.3 and auxiliary KChIP2 subunits, limited availability of either pore-forming or auxiliary subunits can determine the level of functional channels. Whereas the expression of Kv4.2 gene correlates with Ito density in rodent hearts, 8 the auxiliary subunit KChIP2 is differentially expressed across the left ventricular wall and may be responsible for the production of Ito gradient in large animals. 9, 10 This species difference may arise from a number of possibilities. Since Irx5 is similarly and differentially expressed in both rodents and dogs, 11 one possibility is the presence or absence of Irx5-responsive element(s) in the promoter of rodent and canine Kv4.2 genes. However, our preliminary results suggest that human Kv4.2 promoter behaves similarly to the rat counterpart in response to Irx5, as well as Irx4 in the presence of Irx5. Other possibility is species difference in transcription factors that control Kv4.2 and KChIP2 genes. Further studies on Irx5 and other transcription factors, as well as detailed analysis of channel subunit promoters, may reveal mechanisms underlying species differences in the region-selective expression of these genes.
Supplemental material
Supplemental material is available at Cardiovascular Research online. In non-myocytes, Irx5 activates Kv4.2 promoter via this stimulatory factor that is ubiquitously expressed in various cell types. Irx4 inhibits this Irx5 action. In cardiac myocytes, this ubiquitous stimulatory factor is present; however, abundant Irx4 constantly prevents this activation. In contrast, Irx5 produces its action via the inhibitory factor to reduce channel gene transcription in cardiac myocytes.
